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[1] We use four current meter moorings and quasi-synoptic hydrographic observations in
conjunction with a one-dimensional quasi-geostrophic linear stability model to investigate
downstream changes in the Brazil Current (BC) System between 22S and 28S. The data
set depict the downstream thickening of the BC. Its vertical extension increases from 350 m
at 22.7S to 850 m at 27.9S. Most of this deepening occurs between 25.5S and 27.9S and
is linked to the bifurcation of the South Equatorial Current at intermediate depths (Santos
bifurcation), which adds the Antarctic Intermediate Water ﬂow to the BC. Geostrophic
estimates suggest that the BC transport is increased by at least 4.3 Sv (70%) to the south
of that bifurcation. Moreover, the Santos bifurcation is associated with a substantial
increase in the barotropic component of the BC System. On average, the water column
average kinetic energy (IKE) is 70% baroclinic to the north and 54% barotropic to the south
of the bifurcation. Additionally, the BC shows conspicuous mesoscale activity off southeast
Brazil. The water column average eddy kinetic energy accounts for 30–60% of the IKE.
Instabilities of the mean ﬂow may give rise to these mesoscale ﬂuctuations. Indeed, the
linear stability analysis suggests that the BC System is baroclinically unstable between 22S
and 28S. In particular, the model predicts southwestward-propagating fastest growing
waves (190 km) from 25.5S to 27.9S and quasi-standing most unstable modes (230
km) at 22.7S. These modes have vertical structures roughly consistent with the observed
eddy ﬁeld.
Citation: Rocha, C. B., I. C. A. da Silveira, B. M. Castro, and J. A. M. Lima (2014), Vertical structure, energetics, and dynamics of
the Brazil Current System at 22S–28S, J. Geophys. Res. Oceans, 119, 52–69, doi:10.1002/2013JC009143.
1. Introduction
[2] The Brazil Current (BC) is the subtropical western
boundary current (WBC) of the South Atlantic. Most of our
current understanding of the BC relies on quasi-synoptic
hydrographic observations [e.g., Campos et al., 1995; da
Silveira et al., 2004]. Studies based on analysis of current
meter time series are rare [M€uller et al., 1998; da Silveira
et al., 2008], and this has constrained the development of a
quantitative description of the BC.
[3] As it ﬂows over the southeast Brazil slope (20S–
25S), the BC presents a vertical structure very different
from that of other WBCs at similar latitudes [da Silveira
et al., 2008]. In this region, the BC is depicted as a shallow
current (400 m), transporting tropical water (TW) at sur-
face/near-surface levels and South Atlantic Central Water
(SACW) at pycnocline levels [Campos et al., 1995; da Sil-
veira et al., 2000]. Underneath the BC ((500–1200) m),
there is an opposing ﬂow, the intermediate western bound-
ary current (IWBC), transporting mainly Antarctic Interme-
diate Water (AAIW) to the north/northeast [e.g., Evans and
Signorini, 1985; da Silveira et al., 2004]. This unique sub-
tropical WBC System is linked to the depth-dependent
bifurcation system of the South Equatorial Current over the
Brazilian continental margin [e.g., Stramma and England,
1999]. At intermediate levels, ﬂoat observations suggest
that the so-called Santos bifurcation occurs between 25S
and 27S [Böebel et al., 1999; Legeais et al., 2013]. To the
south of that bifurcation (28S), the entire water column
over the slope ﬂows to the south/southwest [M€uller et al.,
1998], and the BC transports TW, SACW, and AAIW.
[4] Few studies have addressed the BC dynamics. da Sil-
veira et al. [2008] showed that the mean BC System at
22.7S is essentially a ﬁrst baroclinic mode ﬂow. Further-
more, these authors argued that the vertical shear associated
with the BC/IWBC opposing ﬂows likely makes the BC
System prone to baroclinic instability, and that a one-
dimensional quasi-geostrophic (QG) model successfully
predicted the length scales of the mesoscale variability in
this region. Additionally, the QG linear model predicted
unstable modes with very small propagation speeds,
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roughly in agreement with the few observed events in sea
surface temperature imagery [Garﬁeld, 1990]. Mano et al.
[2009] described the energy ﬂux during the growth of a
cyclonic meander in a primitive-equation (PE) numerical
simulation of the BC System in the same region. While the
basic phenomenology described by these authors is qualita-
tively consistent with da Silveira et al.’s [2008] QG baro-
clinic instability arguments, the BC meandering seems to
be much more complicated in the PE model. Additionally,
Oliveira et al. [2009] studied the surface energetics of the
BC from surface drifter buoys. These authors showed that
the (surface) eddy kinetic energy is signiﬁcant along the
BC path. Based on barotropic conversion estimates, Oli-
veira et al. [2009] argued that part of the BC variability
may be accounted for by barotropic instabilities.
[5] It is relatively well accepted that the BC undergoes
changes on its downstream path off southeast Brazil [M€uller
et al., 1998; da Silveira et al., 2000]. Nonetheless, no system-
atic quantiﬁcations of these changes are available to date. In
addition, the BC is generally associated with rich mesoscale
activity within this region [e.g., Campos et al., 1995, 2000;
da Silveira et al., 2008], but quantitative estimates of its
importance are limited to the surface [Oliveira et al., 2009].
[6] Here, we investigate downstream changes in the BC
between 22S and 28S. The speciﬁc questions are: (1a)
How much does the BC thicken and (1b) how much does the
BC transport increase within this region? (2a) What is the
partition between barotropic and baroclinic components in
the BC System and (2b) what are the downstream changes
on this partition? (3) How much of the BC System energy is
in the eddy ﬁeld? (4a) What are the downstream changes in
the BC System linear stability properties and (4b) can the
predictions of the stability analysis account for the changing
character of the perturbations in the downstream direction?
[7] To address these questions, we analyze four current
meter mooring records, not necessarily spanning the same
time period, but nonetheless covering the study region with
unprecedented along-coast resolution. The analysis of these
moorings within the same framework combined with quasi-
synoptic hydrographic observations yields a comprehensive
(but limited) description of the BC off southeast Brazil. In
addition, application of a QG model to the observations
provides insight into the dynamics governing the BC vari-
ability at mesoscales.
2. Mooring Observations
2.1. The Data Set
[8] The four current meter moorings were located in
the BC domain (Figure 5 and Table 1) spanning the south-
east Brazil (22S–28S): MARLIM (22.7S, 1250 m),
DEPROAS FBS (24.15, 1200 m; hereafter DFBS),
COROAS 3 (25.5, 1000 m; hereafter C3), and WOCE
ACM12 333 (27.9S, 1200 m; hereafter W333). These
records span 1–2 years; thus the BC mesoscale variability
is expected to be well resolved.
[9] The velocity record at each current meter was low-
pass ﬁltered using a Lanczos-cosine ﬁlter [e.g., Emery and
Thomson, 2001]. The cutoff period was set at 40 h, which
is 30% greater than the inertial period at the northernmost
mooring (31 h), and therefore near-inertial and superiner-
tial motions were ﬁltered out. Individual current meter gaps
were ﬁlled using the empirical orthogonal functions (EOF)
of the velocity anomaly time series. This technique was
chosen because it does not change the data statistics [Beck-
ers and Rixen, 2003; Dengler et al., 2004; Schott et al.,
2005].
[10] The C3 mooring had a gap in all four instruments (4
May 1993 to 18 June 1993), which was ﬁlled in two steps.
The uppermost instrument velocity series was ﬁlled using
the EOF method (horizontally) with the uppermost instru-
ment of an adjacent mooring which had a spectrum coher-
ent with the C3 mooring uppermost record. The remaining
gaps in the other three instruments were then ﬁlled using
the EOFs (vertically). Such a twofold ﬁlling process was
not possible for the 30 day gap (27 May 1992 to 23 June
1992) at the MARLIM mooring since concurrent adjacent
moorings were not available.
[11] The BC ﬂow is clearly depicted in the upper 300 m
at the MARLIM mooring (Figure 1), although strong cur-
rent reversals are also observed in the upper levels. As
near-inertial and superinertial motions were ﬁltered out, it
is likely that these reversals are due to strong BC meander-
ing events [da Silveira et al., 2008]. The IWBC is consis-
tently depicted from 650 to 1050 m ﬂowing to the
northeast. No current reversals are observed in the IWBC
domain, suggesting that the meandering is mainly conﬁned
to the upper levels.
[12] The time series for the DFBS mooring depicts a
much more convoluted scenario (Figure 2). The three
uppermost instruments present strong current reversals
throughout the record. At intermediate levels (800 and
1000 m instruments) this mooring depicts the IWBC ﬂow-
ing to the northeast. However, it should be noted that the
IWBC seems more variable at this location than at the
MARLIM mooring. The ﬂow at 500 m presents reversals
throughout the record, suggesting that the separation of the
BC-IWBC occurs near this depth.
[13] At the C3 mooring (Figure 3), the BC is depicted in
the three upper instruments as a persistent southwest ﬂow.
Table 1. Main Characteristics for the MARLIM, DFBS, C3, and W333 Mooringsa
Isobath (m) Instruments (m) Record (Days) Reference
MARLIM (22.7S, 40.2W) 1250 50; 100; 250; 350; 450; 650;
750; 950; 1050
308 (Feb 1992 to Dec 1992) da Silveira et al. [2008]
DFBS (24.15S, 42.4W) 1200 30; 50; 70; 500;800; 1000 482 (Jan 2003 to May 2004) —
C3 (25.5S, 44.9W) 1000 29; 91; 293; 698 455 (Dec 1992 to Mar 1994) Campos et al. [1996]
W333 (27.9S, 46.7W) 1200 60; 77; 95; 112; 138; 155; 173;
230; 475; 680; 885
693 (Jan 1991 to Nov 1992) M€uller et al. [1998]
aNote that da Silveira et al. [2008] only used the second half of the MARLIM record and Campos et al. [1996] only quoted the C3 mooring results.
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Although the BC is also highly variable at this location,
just one strong current reversal was observed (March
1993). The C3 mooring has just one instrument at interme-
diate depths (693 m), which depicts a northeastward ﬂow.
This suggests that the IWBC is already well formed at this
location, as suggested by Campos et al. [1996]. However, it
is important to note that, contrary to what is observed at the
MARLIM mooring, the northeast ﬂow at the C3 mooring is
clearly highly variable.
[14] Farther downstream at the W333 mooring (Figure
4), the BC is depicted ﬂowing southward/southwestward
from the surface down to the instrument at 670 m depth. At
this location, just two prominent velocity vector reversals
are depicted in the BC (January 1991 and October 1992).
In addition, the ﬂow at the deepest instrument (885 m) is
highly variable and presents no preferential direction.
Thus, there is no evidence of the IWBC, suggesting that
this mooring is located to the south of the Santos bifurca-
tion. This is consistent with a recent description on the
basis of ﬂoat observations [Legeais et al., 2013].
2.2. Basic Velocity Statistics
[15] A well-known caveat in mooring data analysis is
that instruments, particularly those near the surface, may
experience substantial drawn down during highly energetic
events. This can bias statistical analyses, but there seems to
be no easy solution for such problem [Wunsch, 1997]. For
the present data set, we have reliable pressure records only
for the W333 mooring. At this location, the vertical dis-
placements are typically fairly small (<30 m about the
nominal depth), but can be as large as 175 m in one
extreme short-lived case. The 230 m instrument was 90%
of the time at depths shallower than 255 m, which repre-
sents a displacement of 10% about its nominal depth.
Assuming that the other three moorings experienced similar
small vertical displacements, the statistics presented below
are deemed reliable.
[16] It is convenient to rotate the velocity vector into a
local along-front/cross-front coordinate system since this
Apr92 Jul92 Oct92 Jan93
 1 m s−1
  50m
 100m
 250m
 350m
 450m
 650m
 750m
 950m
1050m
Figure 1. MARLIM mooring velocity time series. Only one vector per day is plotted. For reference,
the north points upward.
Jan03 Apr03 Jul03 Oct03 Jan04 Apr04
 1 m s−1
30m
50m
70m
500m
 800m
1000m
Figure 2. Similar to Figure 1, but for the DFBS mooring.
Jan93 Apr93 Jul93 Oct93 Jan94 Apr94
 1 m s−1
 21m
 91m
293m
698m
Figure 3. Similar to Figure 1, but for the C3 mooring.
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facilitates the intercomparison among the moorings. The
BC thermal front marks the BC inshore border [Garﬁeld,
1990; da Silveira et al., 2008]. The along-front direction
was computed based on the angle between geographic
north and the BC mean thermal front, which was computed
using the estimates of Garﬁeld [1990] and da Silveira et al.
[2008] (Figure 5); at the DFBS mooring, where those esti-
mates diverge, we used the mean thermal front from the lat-
ter authors. Hereafter, u and v will be used to refer to the
local cross-front and along-front (low-pass ﬁltered) veloc-
ity components, respectively.
[17] For each mooring, basic statistics (mean and stand-
ard deviation) for the velocity components were estimated.
In order to assess the robustness of these estimates, stand-
ard errors were calculated [e.g., Glover et al., 2011]. The
standard error depends on the standard deviation as well as
on the effective number of degrees of freedom (eDOF).
The eDOF was computed by dividing the record length by
the (autocorrelation) integral time scale [Glover et al.,
2011]. Integral time scale and eDOF were computed indi-
vidually for each velocity component at each current meter.
[18] The time scales proved to be anisotropic, which led
to signiﬁcant differences in the eDOF in each direction.
The along-front integral time scale varies from 6 to 9 days,
whereas the cross-front integral time scale ranges from 4 to
5 days. Moreover, eDOF varies substantially (30–170)
from mooring to mooring due to differences in the duration
of the records.
[19] Mean and standard deviation along with their uncer-
tainties are presented in Tables (2–5), and the mean veloc-
ity vectors for the instruments closest to 50 and 700 m are
displayed in Figure 5. The mean ﬂow essentially follows
the mean BC thermal front, which is parallel to the local
isobath at all moorings except at the DFBS mooring (Fig-
ure 5). Near this mooring, the mean BC front veers west-
ward along the 200 m isobath; the veering of the deeper
isobaths is gentler, so that the IWBC ﬂow at this location
follows the local isobath, which is not in the same direction
as the BC front.
[20] The near-surface BC along-front mean velocity is
highest at the C3 mooring (20.516 0.05 m s21 at 29 m),
as compared to the W333 mooring (20.346 0.04 m s21 at
60 m) and MARLIM mooring (20.316 0.12 m s21 at 50
m). This suggests that the C3 mooring is closer to the BC
core than the other moorings. Furthermore, at the DFBS
mooring, the mean along-front BC velocity is much weaker
(20.176 0.14 m s21 at 50 m). Near-surface along-front
standard deviation is higher at the DFBS mooring
(0.396 0.10 m s21 at 50 m) and at the MARLIM mooring
(0.376 0.03 m s21 at 50 m), exceeding the mean values at
their respective depths, thus conﬁrming the high variability
Jan91 Apr91 Jul91 Oct91 Jan92 Apr92 Jul92 Oct92
 1 m s−1
 60m
 95m
155m
230m
475m
680m
885m
Figure 4. Similar to Figure 1, but for the W333 mooring.
The velocity records at 77, 112, 138, and 173 m are
omitted.
Figure 5. Mean velocity vector for instruments closest to
50 m (red) and 700 m (blue) at each mooring. The mean
thermal front estimated by Garﬁeld [1990] (diamonds) and
da Silveira et al. [2008] (circles) are also shown. Gray tri-
angles represent hydrographic stations.
Table 2. Velocity Statistics for the MARLIM Mooringa
Instrument
Along Front Cross Front
(m) Mean (m s21) Std (m s21) Mean (m s21) Std (m s21)
50 20.316 0.12 0.376 0.08 0.076 0.08 0.256 0.06
100 20.266 0.11 0.3660.08 0.086 0.07 0.236 0.05
250 20.086 0.06 0.206 0.04 0.086 0.04 0.136 0.03
350 0.026 0.05 0.166 0.03 0.056 0.03 0.096 0.02
450 0.086 0.03 0.106 0.02 0.076 0.03 0.096 0.02
650 0.196 0.02 0.076 0.02 0.006 0.01 0.056 0.01
750 0.196 0.02 0.076 0.01 0.036 0.02 0.066 0.01
950 0.226 0.03 0.086 0.02 0.036 0.01 0.046 0.01
1050 0.216 0.03 0.106 0.02 0.026 0.01 0.036 0.01
aThe 95% conﬁdence interval was computed by doubling the standard
error. Stars indicate those estimates that are not statistically signiﬁcant.
Table 3. Similar to Table 2, but for the DFBS Mooring
Instrument
Along Front Cross Front
(m) Mean (m s21) Std (m s21) Mean (m s21) Std (m s21)
30 20.176 0.14 0.386 0.10 0.026 0.04 0.176 0.03
50 20.176 0.14 0.396 0.10 0.026 0.04 0.186 0.03
70 20.166 0.14 0.406 0.10 0.026 0.04 0.196 0.03
500 0.046 0.04 0.126 0.03 0.046 0.01 0.066 0.01
800 0.116 0.03 0.086 0.02 0.076 0.01 0.046 0.01
1000 0.096 0.03 0.096 0.02 0.056 0.01 0.046 0.01
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at these locations. Relatively high near-surface along-front
standard deviation values are also observed at the C3 moor-
ing (0.246 0.04 m s21 at 29 m) and at the W333 mooring
(0.236 0.03 m s21 at 60 m). The high uncertainties associ-
ated with the mean estimates at near-surface instruments at
the DFBS and MARLIM moorings are a consequence of
the small eDOF and the high standard deviation at those
locations. In particular, the mean values for the three upper
instruments at the DFBS mooring have low statistical sig-
niﬁcance. There are too few eDOF to estimate a reliable
along-front mean. Physically, the BC experiences high var-
iability in this region, as if continuously adjusting to con-
serve its potential vorticity after overshooting the
continental margin past Cape Frio (23S) [Campos et al.,
1995]. Therefore, it is very difﬁcult to establish a ‘‘station-
ary’’ ﬂow at this location.
[21] The BC cross-front mean velocity component is
very weak at all moorings (Tables 2–5). Although slightly
smaller than those estimates for the along-front component,
the standard deviation for the cross-front component is sig-
niﬁcant, suggesting that the time-varying ﬂow is less aniso-
tropic than the time-mean ﬂow.
[22] At intermediate depths, the MARLIM and DFBS
moorings consistently depict a mean IWBC ﬂowing north-
eastward. Maximum IWBC along-front velocity is
observed in the north of the domain, at the MARLIM moor-
ing (0.226 0.03 m s21 at 950 m). At the DFBS mooring,
maximum along-front IWBC velocity is observed at 800 m
(0.116 0.02 m s21). At the C3 mooring, the single instru-
ment at intermediate depths depicts a relatively weak (but
signiﬁcant) northward/eastward ﬂow (0.096 0.03 m s21 at
698 m). The along-front IWBC velocity component seems
to present relatively small (relative to the mean) standard
deviation values at the MARLIM mooring (0.086 0.02 m
s21 at 950 m), but slightly greater at the DFBS mooring
(0.086 0.02 m s21 at 800 m). At the C3 mooring, the
along-front IWBC standard deviation (0.136 0.02 m s21 at
698 m) exceeds the mean value.
[23] In contrast, a mean southwestward along-front ﬂow
is observed at intermediate depths at the W333 mooring
(20.066 0.02 m s21 at 680 m), in agreement with M€uller
et al.’s [1998] estimates. No mean northward/eastward
ﬂow is observed at this location. Relatively high along-
front standard deviation values are observed at intermediate
depths at this mooring, exceeding the mean values
(0.106 0.01 m s21 at 680 m).
[24] In summary, the basic statistics shows that the BC
presents signiﬁcant variability off southeast Brazil, thus
corroborating the importance of mesoscale activity within
this region. The mean along-front velocity measurements
also depict the thickening of the BC, namely its down-
stream growth in vertical extension. In order to better
describe this thickening process, we now turn to the projec-
tion of the mean along-front velocity proﬁle onto the
dynamical modes.
2.3. The Thickening of the Brazil Current
[25] The mean along-front velocity at the discrete instru-
ment depths were ﬁt to the ﬁve gravest dynamical modes
using a Gauss-Markov estimate [e.g., Szuts et al., 2012].
These modes were computed numerically using the mean
stratiﬁcation (N2 (z)) at each location. N2 (z) proﬁles were
estimated using the World Ocean Atlas 2009 climatology
[Locarnini et al., 2010; Antonov et al., 2010]. As the
dynamical modes and their derivatives are smooth [da Sil-
veira et al., 2008], we argue that this is a consistent method
for obtaining interpolated velocity proﬁles on an equi-
spaced grid. These proﬁles are further used along with the
N2 (z) proﬁle as inputs for the linear stability model (sec-
tion 5.1).
[26] The interpolated along-front velocity proﬁles clearly
show the thickening of the BC (Figure 6). Accordingly, the
BC is 350 m deep at the MARLIM mooring, 550 m deep at
the C3 mooring, and 850 m deep at the W333 mooring.
Although the mean along-front velocity presents low statis-
tical signiﬁcance at the DFBS mooring, the BC vertical
extension (400 m) seems to be consistent at this location.
[27] Another interesting feature that is clear in the syn-
thesized velocity proﬁles concerns the downstream changes
in mean ﬂow vertical shear. Accordingly, the BC System
presents a much more prominent shear at the MARLIM,
DFBS, and C3 moorings than at the W333 mooring, thus
suggesting that the Santos bifurcation is associated with a
strong increase in the BC System barotropic component.
3. Quasi-Synoptic Patterns
[28] In order to present a two-dimensional characteriza-
tion of the downstream changes in the BC, we analyze the
available hydrographic sections contemporary with the
mooring records (Table 6). The W333 does not present
velocity measurements exactly concurrent to the A10
cruise. While this cruise recovered the W333 mooring, the
last month (December 1992) of the mooring measurements
were disregarded during the quality control process. At this
location, the mooring velocity compared to the geostrophic
velocity estimates represents those measurements made 1
Table 4. Similar to Table 2, but the for C3 Mooring
Instrument
Along Front Cross Front
(m) Mean (m s21) Std (m s21) Mean (m s21) Std (m s21)
29 20.516 0.05 0.246 0.04 20.016 0.03 0.126 0.02
91 20.496 0.06 0.246 0.04 20.056 0.03 0.126 0.02
293 20.236 0.04 0.176 0.03 20.036 0.01 0.066 0.01
698 0.096 0.03 0.136 0.02 0.006 0.01 0.036 0.01
Table 5. Similar to Table 2, but for the W333 Mooring.
Instrument
Along Front Cross Front
(m) Mean (m s21) Std (m s21) Mean (m s21) Std (m s21)
60 20.346 0.04 0.236 0.03 20.076 0.03 0.176 0.02
77 20.346 0.05 0.236 0.03 20.066 0.04 0.176 0.03
95 20.346 0.05 0.236 0.03 20.076 0.04 0.176 0.03
112 20.346 0.05 0.236 0.03 20.076 0.03 0.176 0.02
138 20.336 0.05 0.236 0.03 20.066 0.03 0.166 0.02
155 20.326 0.05 0.226 0.03 20.066 0.03 0.156 0.02
173 20.316 0.05 0.216 0.03 20.066 0.03 0.146 0.02
230 20.296 0.05 0.206 0.03 20.066 0.03 0.136 0.02
475 20.156 0.03 0.126 0.02 20.046 0.01 0.076 0.01
680 20.066 0.02 0.106 0.01 20.026 0.01 0.066 0.01
885 0.006 0.02 0.116 0.01 20.026 0.01 0.056 0.01
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month earlier (30 November 1992), and hence this compar-
ison should be interpreted with caution.
[29] Geostrophic velocities are computed relative to an
isopycnal level of no motion [e.g., Stramma et al., 1995].
There is no such reason to expect that the velocity is zero
along these isopycnals, although it is likely. This is a source
of inaccuracy in the geostrophic velocity estimates, and
care should be taken in interpreting the results. Nonethe-
less, this method proved to produce a consistent (lower
bound) transport estimates without requiring arbitrary
shoreward extrapolations of the geopotential anomalies to
compute velocities on the inner slope. The isopycnal used
for reference is the one that crosses the mooring at the cor-
responding no-motion depth at the mooring location. The
mooring data was averaged over the same time period as
the section occupation, typically 3 days.
[30] At the MARLIM, DFBS, and C3 moorings, the level
of no motion is associated with the depth that separates the
BC from the IWBC ﬂow. The reversal depth is estimated
from the mooring velocity proﬁle synthesized using the
dynamical modes in a fashion similar to the mean ﬂow
(section 2.3). At these locations, similar results are obtained
by setting an arbitrary level of no motion (not shown). At
the W333 mooring the IWCB is not present, and hence
there is no such reversal depth. We therefore consider the
level of no motion as that of the deepest instrument (885
m), which presented fairly weak velocities during the
hydrographic cruise occupation (0.03 m s21). At this
mooring, similar results (pattern and transport) are obtained
by computing the geostrophic velocities referenced to the
bottom (not presented).
[31] The BC geostrophic transport is estimated consider-
ing this current as the southward ﬂow delimited by the
20.05 m s21 isotach, which was the weakest contour that
deﬁned the BC in all sections. Hence, the transport values
presented here represent conservative estimates. The geo-
strophic velocity estimates are compared to the mooring
velocities averaged over the cruise period. For the DFBS,
C3, and W333 moorings, which are located between two
geostrophic velocity proﬁles, the mooring velocity is com-
pared against the mean estimate between the two adjacent
proﬁles.
[32] The MARLIM P2 cruise depicts a shallow BC
(350 m), with maximum (surface) velocity of 0.5 m s21
(Figure 7a). The BC is slightly skewed shoreward, although
it seems to be ﬂowing essentially over the slope. The north-
ward ﬂow beneath the BC was not entirely sampled
because the conductivity-temperature-depth (CTD) casts
stopped at 1000 m on this cruise. Nonetheless, the IWBC
seems to be a consistent northward ﬂow, with maximum
geostrophic velocity of 0.2 m s21 at its core (800 m). The
BC geostrophic transport is 4.87 Sv, very similar to that
obtained by da Silveira et al. [2008] on the basis of an
application of a sectional version of the Princeton Ocean
Model for the same cruise (4.24 Sv). The estimated geo-
strophic velocity is (at best) satisfactory (Figure 7b). The
geostrophic IWBC seems fairly consistent with that meas-
ured at the MARLIM mooring. However, the geostrophic
velocity overestimates the near-surface moored velocity
magnitude and vertical shear. The root-mean-square
(RMS) difference between mooring and geostrophic veloc-
ity is 0.08 m s21.
[33] The geostrophic velocity section for the DEPROAS
V cruise depicts a relatively shallow BC (400 m), with
maximum surface velocity of 0.8 m s21 (Figure 8a).
Underneath the BC, the IWCB is depicted extending to
deeps greater than 1200 m, with maximum velocity of
0.2 m s21 (1000 m). During this cruise, a frontal
cyclonic meander was observed. The BC geostrophic trans-
port is estimated at 7.02 Sv, greater than a previous esti-
mate close to this location (5.6 Sv) [da Silveira et al.,
2004]. Moreover, the estimated geostrophic velocity seems
fairly consistent with the (cruise average) mooring velocity
Figure 6. Time mean of the along-front velocity (m s21)
for: MARLIM (22.7S, red); DFBS (24.15S, magenta);
C3 (25.5S, green), and W333 (27.9S, blue). Filled circles
indicate the current meter mean values; continuous lines
represent a ‘‘dynamical ﬁt’’ to the discrete values.
Table 6. Hydrographic Cruises Contemporary With Mooring Records
Cruise Mooring Occupation Date Reference Isopycnala BC Transport
MARLIM P2 MARLIM 17–20 Nov 1992 26.5 kg m23 4.87 Sv
DEPROAS V DFBS 27–29 Sep 2003 26.7 kg m23 7.02 Sv
COROAS HM2 C3 23–25 Jul 1993 26.8 kg m23 5.73 Sv
WOCE A10 W333 30–31 Dec 1992 27.3 kg m23 10.02 Sv
aIsopycnal level of no motion based on the synthesized mooring velocity (averaged over the cruise period).
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(Figure 8b). The RMS difference between the synthesized
mooring velocity and the geostrophic velocity is 0.03 m
s21. The major differences consist of an overestimation of
the surface velocities and an underestimation of the veloc-
ities close to the IWBC core (1000 m).
[34] The HM2 cruise depicts a 450 m deep BC ﬂowing
southward, with maximum (surface) geostrophic velocity
of 0.8 m s21 (Figure 9a). The IWBC is depicted as a
northward ﬂow with maximum velocity of 0.15 m s21 at
its core (1000 m), thus weaker than that during the
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DEPROAS V cruise. At this location, the BC and IWBC
cores are not aligned; the IWCB core is displaced offshore.
(Considering that this quasi-synoptic depiction is represen-
tative of the mean BC, the C3 mooring is located very close
to the BC core. This is consistent with the fact that the C3
mooring presented highest velocity as compared to the
other moorings.) For this cruise, the BC geostrophic trans-
port is 5.73 Sv, consistent with the estimate by Campos
et al. [1995], although those authors considered a much
deeper level of no motion (5.73 Sv relative to 750 dbar).
Nevertheless, we acknowledge that this may be a lower
bound estimate since part of the BC seems to be ﬂowing
over the outer shelf. The agreement between the geo-
strophic velocity and that measured by the C3 mooring is
satisfactory (Figure 9b). The main difference is an underes-
timation of the ﬂow close to the IWBC core. The RMS dif-
ference between the velocity proﬁles is 0.09 m s21.
[35] Farther downstream, the WOCE A10 cruise depicts
a signiﬁcantly different scenario, namely a 900 m deep
BC, with maximum (surface) velocity of 0.55 m s21 (Fig-
ure 10a). The BC is also signiﬁcantly skewed shoreward at
this location. Consistent with that observed by the W333
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Figure 10. Similar to Figure 7, but for the WOCE A10 cruise and W333 mooring.
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mooring, no signiﬁcant northward ﬂow is observed under-
neath the BC. At this location, the BC geostrophic transport
is estimated as 10.02 Sv. As for the COROAS HM3 cruise,
this is likely a lower bound on the BC transport since sub-
stantial ﬂow seems to occur over the outer shelf. This esti-
mate is consistent with the lowest transport value presented
in the literature; the few estimates of transport in this
region range from 11.4 to 27 Sv [Garﬁeld, 1990; da Sil-
veira et al., 2000], depending on the reference level
adopted. The geostrophic velocity is fairly representative of
the current meter velocity, with the former slightly underes-
timating the latter near the surface (Figure 10b). The RMS
difference between the two velocity proﬁles is 0.03 m s21.
[36] The description of the time-mean along-front ﬂow
(section 2.3) and the quasi-synoptic patterns (section 3)
suggests that the BC presents a marked downstream
changes in its vertical shear. In order to systematically
quantify these changes, we now turn to the analysis of the
water column average kinetic energy and its partition
between barotropic and baroclinic components. We also
use the energetics analysis to estimate the importance of
the mesoscale activity in the BC.
4. Energetics
4.1. Kinetic Energy Estimate
[37] An estimate of the water column average kinetic
energy per unit mass is given by [Wunsch, 1997]
IKE ðtÞ5 1
2H
ð0
2H
½u2ðt; zÞ1v2ðt; zÞdz
 1
2H
ð0
2H
X4
i50
ð½a^uiðtÞ/iðzÞ21½a^viðtÞ/iðzÞ2Þdz; (1)
where /i is the ith dynamical mode and ½a^ui; a^vi its associ-
ated amplitude in [u, v]. The series of mode amplitudes is
estimated by projecting the instantaneous (discrete) veloc-
ity proﬁles onto the dynamical modes in the same fashion
as for the mean velocity proﬁles (section 2.3). Expanding
the right-hand side of equation (1), and using the orthonor-
mality condition (for details see Wunsch [1997]), we obtain
IKE ðtÞ5 1
2H
X4
i50
½a^2uiðtÞ1a^2viðtÞ: (2)
[38] Equation (2) allows us to estimate the partition of
IKE across the dynamical modes. In particular, we are
interested in the partition between the barotropic
(IKEbt5 IKE0) and baroclinic ðIKE bc5
P4
j51 IKE jÞ com-
ponents. Similar calculations are performed for the velocity
anomalies ([u0, v0]), producing estimates for the water col-
umn average eddy kinetic energy (IEKE) and its baro-
tropic/baroclinic partition (IEKEbt/IEKEbc).
[39] In addition, the surface kinetic energy (SKE) and
surface eddy kinetic energy (SEKE) are estimated by plug-
ging z5 0 into equation (1). Note that SKE is only separa-
ble amongst the dynamical modes if the modes are not
correlated in time [Wunsch, 1997]. This seems not be the
case here. Nonetheless, we keep the total SKE and SEKE
in order to compare against those estimates from drifters
buoys by Oliveira et al. [2009].
4.2. Kinetic Energy Time Average
[40] First, we explore the time-mean values of IKE and
IEKE, and their partition between barotropic and baroclinic
components (Table 7). On average, the C3 mooring
presents the highest IKE level (0.045 m2 s22), followed by
the MARLIM mooring (0.038 m2 s22), the DFBS mooring
(0.037 m2 s22), and the W333 mooring (0.032 m2 s22).
However, as stated in section 2.2, this may be inﬂuenced
by the relative distance of the moorings from the BC core;
caution should be taken when comparing these results in
absolute values.
[41] An interesting result is the magnitude of the IEKE
and its ratio to the IKE. On average, at the MARLIM moor-
ing, the IEKE is estimated as 0.019 m2 s22, half the magni-
tude of the IKE. High levels of IEKE are observed at the
DFBS mooring (0.022 m2 s22), and its ratio to the IKE is
0.6. The C3 mooring presents a relatively weaker (but
substantial) IEKE (0.014 m2 s22; its ratio to the IKE is
0.33. Farther south, at the W333 mooring, a similar level
of IEKE is found (0.014 m2 s22), though its ratio to the
IKE is 0.44. Although these IEKE levels are generally less
than those observed in the Gulf Stream and the Kuroshio
regions [e.g., Wunsch, 1997], their relative importance to
the IKE is a remarkable feature of the BC off southeast
Brazil. Thus, these results highlight (and in fact quantify)
the importance of the mesoscale eddy ﬁeld in the BC path
off southeast Brazil, consistent with the previous studies
based on quasi-synoptic observations [e.g., Campos et al.,
1995], mooring data [da Silveira et al., 2008], surface
drifters [Oliveira et al., 2009] and SST imagery analysis
[Lorenzzetti et al., 2009]. In particular, these estimates sug-
gest the dominance of the eddy ﬁeld at the DFBS mooring.
[42] The SKE estimates are 0.113, 0.150, 0.163, and
0.100 m2 s22 at the DFBS, MARLIM, C3, and W333,
respectively. The SEKE/SKE ratios are 0.98, 0.64, 0.20,
and 0.40 at the four moorings. Interestingly, at the DFBS
and, to some extent, at the MARLIM mooring, the eddy
kinetic energy represents a greater fraction of the total
kinetic energy at the surface, consistent with the fact that
the anomalies are very surface intensiﬁed at these locations
[da Silveira et al., 2008, this study].
[43] It is difﬁcult to compare absolute values of these
estimates against those of Oliveira et al. [2009]; while we
estimate the SKE and SEKE in a single position, those
authors have taken averages of drifter-derived velocity
over 0.5 3 0.5 bins. Nonetheless, our results are in gen-
eral agreement with those of the cited authors, speciﬁcally
in presenting high levels of SEKE at 22S–23S (their
Table 7. Time-Mean Water Column Average Kinetic Energy
(IKEÞ and Eddy Kinetic Energy ðIEKEÞ, and Time-Mean Parti-
tion of IKE and IEKE Between Barotropic and Baroclinic
Components
Mooring IKEðm2s22Þ BT (%) BC (%) IEKEðm2s22Þ BT (%) BC (%)
MARLIM 0.038 30.54 69.46 0.019 41.37 58.63
DFBS 0.037 50.72 49.28 0.022 56.12 43.88
C3 0.045 30.80 69.20 0.014 56.56 43.44
W333 0.032 53.77 46.23 0.014 59.84 40.15
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transects IV and V, close to the DFBS and MARLIM moor-
ings, respectively) and relatively lower SEKE levels at
25S and 28S (their transects VI and VII, close to the
C3 and W333 moorings, respectively).
4.3. Barotropic/Baroclinic Partition
[44] At the MARLIM mooring, on average, the IKE is
70% baroclinic (mainly ﬁrst mode); the IEKE is slightly
more barotropic (40%) than IKE. Based on synoptic direct
velocity measurements, da Silveira et al. [2004] estimate
that the BC is 75–80% baroclinic, while da Silveira et al.
[2008], using 152 days of the MARLIM series, indicate
that the along-front BC is 98% baroclinic. We emphasize
that our barotropic/baroclinic estimates are based on the
IKE; as the cross-front component is mainly due to the
eddy ﬁeld, which is more barotropic, the partition will be
more barotropic than the estimates based only on the
along-isobath velocity component. Also, we appended the
ﬁrst 150 days of the MARLIM record, which is marked by
strong mesoscale activity, and likely contributes to these
discrepancies. At the DFBS mooring, on average, a virtual
equipartition between barotropic and baroclinic energy for
the total ﬂow is observed, likely owing to the dominance of
the eddy ﬁeld. Indeed, the kinetic energy partition is almost
the same (56% barotropic) for the velocity anomaly ﬁeld.
[45] At the C3 mooring, on average, the total ﬂow
presents a partition similar to that for the MARLIM moor-
ing (69% baroclinic). However, its eddy ﬁeld seems
much more barotropic (56%). In contrast, at the W333, a
dramatic change in the IKE partition is observed; the total
ﬂow becomes 54% barotropic, conﬁrming our qualitative
estimate based on the mean along-front velocity proﬁles
(section 2.3). In this case, on average, the eddy ﬁeld is just
slightly more barotropic (59%). While the relatively high
barotropicity of the total ﬂow at the DFBS mooring is
likely due to the dominance of the eddy ﬁeld over the mean
ﬂow [Oliveira et al., 2009, this study], this phenomenon
seems to be a manifestation of the high barotropicity of the
mean ﬂow itself at the W333 mooring (Figure 6).
4.4. Duration of Eddy Events
[46] The results presented in sections 4.2 and 4.3 repre-
sent statistical estimates. However, the kinetic energy level
in a given day departs signiﬁcantly from the time mean. At
the MARLIM mooring, strong eddy events that occur at the
beginning of the series (April to May 1992) do not repeat
in the end (Figure 11). These events are associated with
reversals in the surface velocity vector in the BC domain
(Figure 1). At the DFBS, C3, and W333 moorings (Figures
12–14), strong energetic events seem to occur throughout
the series; in that sense, the series are statistically more
homogeneous at these moorings. Typically, bursts of
energy in the barotropic mode are associated with energetic
eddy events at all moorings.
[47] At the MARLIM mooring, one such event lasts for
37 days (March to April 1992). Two similar long-lived
barotropic energy events are observed at the DFBS moor-
ing, lasting 28 days (April to May 2003) and 32 days
(August to September 2003). Indeed, these events are
marked by strong surface current vector reversals (Figures
11 and 12). In particular, the event depicted at the MAR-
LIM mooring contrasts with the latter 120 days of the
record, when the total ﬂow is essentially baroclinic and low
levels of IEKE are observed. Thus, there seems to be two
regimes at the MARLIM mooring: (1) a ‘‘mean regime’’
(not perturbed), characterized by relatively low IEKE lev-
els, and mainly baroclinic total ﬂow; and (2) a ‘‘meander-
ing regime’’ (perturbed), marked by high IEKE levels, and
therefore strongly barotropic total ﬂow. In (1), the BC is
well deﬁned and prone to baroclinic instability [da Silveira
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Figure 11. Time series of water column average kinetic energy at the MARLIM mooring (22.7S). (a)
Total kinetic energy (KE). (b) Eddy kinetic energy (EKE). The fractions of energy (KE and
EKE) in barotropic (bt) and baroclinic (bc) components are presented in magenta and blue, respectively.
IKE ðIEKEÞ represents the average over time of IKE (IEKE). The temporal average of the percentage of
IKE and IEKE in barotropic and baroclinic components is also shown.
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et al., 2008; Mano et al., 2009]; (2) may be linked to the
cyclonic meander growth process [da Silveira et al., 2008;
Mano et al., 2009]. The transition from (2) to (1) may be
related to the BC (re)stabilization [Mano et al., 2009].
[48] Although a similar ‘‘meandering regime’’ is
observed at the DFBS mooring, a ‘‘mean regime’’ is not
clearly depicted at this location. Relatively quiescent peri-
ods are likely solely to be time windows between periods
of strong meandering activity. Oliveira et al. [2009] failed
to depict a statistically signiﬁcant mean alongshore current
at this location. This fact is also consistent with the BC
thermal front analysis by Lorenzzetti et al. [2009, Figures
1–3], who showed that the BC front presents a spread-out
frontal density just past Cape Frio, thus reﬂecting the high
variability of the BC at that location.
[49] At the C3 and W333 moorings, these events are rel-
atively short lived, lasting less than 20 days at maximum.
These energetic eddy events may be related to meander
propagation between 24S and 28S as suggested by PE
numerical simulations [Campos et al., 2000; Fernandes
et al., 2009].
5. Linear Stability Analysis
[50] In order to investigate possible dynamical implica-
tions of the downstream changes in the BC, we employ a
one-dimensional QG model to study the stability of the
mean ﬂow to small perturbations on an along-front f-plane
channel. The model is similar to that used by da Silveira
et al. [2008], who built on Johns [1988]. Tests were made
with a more generalized model, which uses both meridio-
nal and zonal velocity components on a b-plane. The
instabilities in this generalized model presented maximum
growth rates approximately along the mean BC thermal
front direction, and the linear instability properties were
very close to those obtained with the one-dimensional
channel model. Therefore, we maintain the use of the one-
dimensional version on a f-plane for the sake of
simplicity.
5.1. Model Formulation and Simplification
[51] The formulation of the model is standard. We linea-
rize the QG potential vorticity equation about the local
mean stratiﬁcation and velocity proﬁles [e.g., Vallis, 2006]
@
@t
1V
@
@y
 
q02
@w
@y
@Q
@x
50; 2H < z < 0; (3)
where
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@x
5
@
@z
f 20
N 2
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@z
 
; (4)
is the mean cross-front QG potential vorticity gradient, and
q05r2w1 @
@z
f 20
N2
@w
@z
 
; (5)
is the eddy QG potential vorticity. V is the mean along-
front velocity and w is the eddy stream function. We have
neglected the relative vorticity of the mean ﬂow under the
local approximation. This is a valid assumption provided
the stretching term is much larger than the relative vorticity
of the mean ﬂow. Considering a theoretical jet, Johns
[1988] showed that the mean relative vorticity in the Gulf
Stream off Cape Hatteras was not able to reverse the mean
potential vorticity gradient based only on the stretching
term. Johns [1988] argued that the inclusion of the relative
vorticity of the mean ﬂow would not introduce qualitatively
differences in the stability properties. Barotropic and mixed
instabilities are likely important in the BC [Oliveira et al.,
2009], but are not considered here owing to the limitation
of our data set (one mooring at each location).
[52] Neglecting surface friction and other atmospheric
ﬂuxes, the buoyancy anomaly is an invariant at the upper
boundary [Vallis, 2006]
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Figure 12. Similar to Figure 11, but at the DFBS mooring (24.15S).
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and, ignoring bottom friction, the buoyancy anomaly is
forced solely by the ﬂow against topographic gradients at
the lower boundary [Vallis, 2006]
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50 at z52H ; (7)
where @gb/@x is the cross-front topographic gradient, which
was estimated from ETOPO2. For consistency with the QG
scaling, we scale the topographic gradients by the Rossby
number (Ro) [da Silveira et al., 2008]. Based on da Silveira
et al.’s [2008] estimates, we assume Ro5 1021 for all
moorings.
[53] The perturbations are conﬁned in a channel of
width 2L. No-normal ﬂow is imposed at the lateral
boundaries
@w
@y
50 at x56L: (8)
[54] Note that in the real ocean no such lateral bounda-
ries exist, and this arbitrarily imposes a cross-front maxi-
mum scale for the perturbations [Johns, 1988].
[55] Assuming wave-like solutions for the eddy stream
function [e.g., Pedlosky, 1987; Vallis, 2006] leads to a gen-
eralized eigenproblem for the complex frequency ðx5xr1
ixiÞ and eddy stream function vertical structure [u (z)].
The instabilities grow exponentially when their frequency
has positive complex part (i.e., xi> 0). For the unstable
modes, the vertical structure [u (z)] is complex valued and
can be written as
uðzÞ5juðzÞjeihðzÞ; (9)
where ju (z)j is its amplitude and h (z) its phase. Under a
ﬁnite-amplitude assumption exit, ought to equilibrate at
some time [Pedlosky, 1987]. In the real ocean, these insta-
bilities are either damped by friction or experience nonlin-
ear cascades [Vallis, 2006]. The full development of the
instabilities is completely nonlinear [Pedlosky, 1987].
Therefore, the predictions presented here should be consid-
ered as rough approximations for the initial stages of the
instability phenomena in the BC. We chose to use the linear
QG approach because it proved to produce consistent pre-
dictions for time and length scales of the mesoscale vari-
ability in the global ocean [e.g., Tulloch et al., 2011], in the
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Figure 14. Similar to Figure 11, but at the W333 mooring (27.9S).
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Figure 13. Similar to Figure 11, but at the C3 mooring (25.5S).
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Gulf Stream off Cape Hatteras [Johns, 1988] and in the BC
System within the Campos Basin [da Silveira et al., 2008].
[56] For each mooring, the eigenproblem is solved
numerically for a range of wavelengths spanning 10–1000
km. Similarly to da Silveira et al. [2008], we use the mean
along-front velocity proﬁle synthesized using the dynami-
cal modes (section 2.3; Figure 6). As the mean along front
at the DFBS mooring presents low statistical signiﬁcance,
the stability analysis at this location would be very inaccu-
rate. Therefore, we perform the stability analysis only for
the MARLIM, C3, and W333 moorings. The mean stratiﬁ-
cation is taken as the climatological proﬁle (Figure 15a).
[57] We set L5 100 km which represents the average
width of the BC [da Silveira et al., 2008]. Tests for differ-
ent Ls were performed. The results proved insensitive to
values greater than 100 km in agreement with Johns
[1988].
5.2. Necessary Conditions for Baroclinic Instability
[58] Before we show the results for the linear stability
analysis, it is interesting to evaluate whether the necessary
(but not sufﬁcient) conditions for baroclinic instability are
satisﬁed. Generically, one can say that if the mean potential
vorticity gradient (@Q/@x) changes its sign within the (ver-
tical) domain, all necessary conditions for baroclinic insta-
bility are fulﬁlled [e.g., Johns, 1988]. At the three
moorings, @Q/@x reverts the sign within the water column
(Figure 15c). Therefore, the BC is potentially baroclinically
unstable at those locations. The @Q/@x proﬁle is different
in magnitude and depth of zero crossing at each mooring.
Thus, differences in the baroclinic unstable modes are
expected. The @Q/@x zero-crossing depth occurs at 321,
366, and 538 m at the MARLIM, C3, and W333 moorings,
respectively.
[59] In fact, the differences in the @Q/@x proﬁles are
linked to differences in the velocity shear (@V/@z) proﬁle
(Figure 15b), which is a consequence of the downstream
thickening of the BC. The @V/@z is intensiﬁed near the sur-
face at the MARLIM and C3 mooring, and middepth inten-
siﬁed at the W333 mooring. The @V/@z magnitude is
greater at the MARLIM and C3 moorings than at the W333
mooring. The maximum @V/@z magnitude is observed at
the C3 mooring (slightly greater than that of the MARLIM
mooring).
[60] An important question is whether these local moor-
ing proﬁles represent @Q/@x over the whole current. In
order to evaluate that we compare these proﬁles with those
estimated from the cross-stream averaged quasi-synoptic
hydrographic ﬁeld. As the quasi-synoptic data are noisy,
we use the climatological N2 (z) proﬁle at each region, and
project the mean geostrophic velocity proﬁle onto the
dynamical modes before computing @V/@z and @Q/@x. At
all locations, the mean geostrophic velocity shear is con-
sistent with that from the moorings. The zero crossing in
the @Q/@x proﬁle is slightly shallower in the quasi-synoptic
estimates for C3 and W333, and deeper for MARLIM.
Nonetheless, the quasi-synoptic proﬁles are fairly consist-
ent with those derived from the mean mooring velocity.
Therefore, the overall results of the local linear stability
analysis are deemed semiquantitatively representative of
the whole current.
5.3. Linear Instability Properties and Baroclinic
Conversion
[61] The BC is indeed unstable at mesoscales at all
moorings (Figure 16). (Only modes with growth rate bigger
than 0.005 day21 are considered unstable.) At the MAR-
LIM mooring, the most unstable mode (230 km) has a
growth rate of 0.035 day21, corresponding to an e-folding
growth time scale (eT) of about 29 days. At the C3 moor-
ing, the BC is unstable for waves from 100 to 560 km, with
a maximum growth rate of 0.056 day21 (corresponding to
an eT of 20 days) at 190 km. Farther downstream, at the
W333 mooring, the BC is unstable to QG waves from 100
to 400 km. At this mooring, the most unstable mode (180
km) has a growth rate of 0.030 day21, or an eT of 33 days.
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Figure 15. (a) Climatological stratiﬁcation, (b) mean along-isobath velocity vertical shear, and (c)
cross-stream mean potential vorticity gradient for the MARLIM, C3, and W333 moorings. Continuous
curves represent those quantities estimated from the mean mooring velocities. Dashed lines stand for
proﬁles estimated from the hydrographic quasi-synoptic ﬁelds (averaged over the whole current).
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[62] The unstable modes at the MARLIM mooring (Fig-
ure 16b) have very small phase speeds—e.g., 0.03 m s 21
for the most unstable mode (230 km)—similar to those
obtained by da Silveira et al. [2008]. Conversely, the unsta-
ble modes present signiﬁcant phase speeds at the C3 and
W333 moorings, in which the most unstable modes propa-
gate phase with 20.13 and 0.15 m s 21, respectively. The
steering level (depth at which Cr5V (z) [Vallis, 2006]) for
the most unstable modes are 365, 380, and 486 m for the
MARLIM, C3, and W333 moorings, respectively. The
steering level is slightly deeper (shallower) than the depth
at which @Q/@x changes sign at the MARLIM/C3 (W333)
moorings. Hence, it is located at the negative (positive)
region of @Q/@x at the MARLIM/C3 (W333) moorings.
Based on necessary conditions for baroclinic instability,
Johns [1988] stated that having the steering at a depth at
which the PV gradient is negative seems to be a necessary
(but not sufﬁcient) condition for a given mode to be unsta-
ble in the Gulf Stream near Cape Hatteras. Johns [1988]
argued that the reason for such a ‘‘requirement’’ is that the
PV gradient is largely positive near the surface. Indeed, this
is consistent with the conditions at the MARLIM and C3
moorings, where (absolute) values of @Q/@x at depth are
almost half of its near-surface values. Conversely, at the
W333 mooring, @Q/@x is almost symmetric about its zero
crossing. Hence, the unstable modes at this location can
have steering levels either shallower or deeper than the @Q/
@x zero crossing.
[63] The vertical structures for the fastest growing mode
at each of the three moorings are displayed in Figure 17.
The amplitudes of these modes at the MARLIM and C3
moorings are surface intensiﬁed and exhibit a sharp decay
within the upper 250 and 350 m, respectively. On the other
hand, at the W333 mooring, the most unstable mode verti-
cal structure magnitude decreases from surface to middepth
(500 m) and then increases toward deeper levels, character-
istic of middepth ‘‘Phillips-like’’ instabilities (according to
the Tulloch et al. [2011] terminology), in which solely @Q/
@x plays a role in its development. The maximum phase
shift is shallower at the MARLIM mooring than at the
W333 mooring (Figure 17b). An intermediate maximum
phase shift is observed at the C3 mooring. Indeed, this
phase tilt against the shear of the mean ﬂow is necessary
for the conversion of the available potential energy of the
mean ﬂow into eddy kinetic energy [e.g., Vallis, 2006]. It is
interesting to evaluate the rate of baroclinic conversion at
each location. An estimate for such a conversion [for
details see Smith, 2007] is given by
G5
ð0
2H
RðzÞdz; (10)
with
RðzÞ5V
2
e q0
2
f 20
N2
dh
dz
juj
jujmax
 2 1
l
dV
dz
; (11)
where l is the along-front wavenumber, q05 1025 kg m
23
is the reference density, and Ve is the maximum eddy
velocity. We assume Ve5 0.1 m s
21 at all locations. This
value is of the order of magnitude as the RMS of the sur-
face velocity anomalies at all moorings (Tables 2, 4, and
5).
[64] At all moorings, the energy conversion for the most
unstable mode is positive (mean-to-eddy) throughout the
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Figure 16. Linear baroclinic instability properties for MARLIM, C3, and W333 moorings: (a) growth
rate and (b) phase speed.
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whole water column (Figure 17c). This result is to be
expected since the shear of the mean ﬂow is negative across
the whole water column, and the phase of the fastest grow-
ing mode tilts monotonically with depth. The maximum
conversion depth is much greater (530 m) at the W333
mooring than at the MARLIM (319 m) and C3 (310 m)
moorings. Also, this depth of maximum baroclinic conver-
sion is shallower (deeper) than the steering level at the
MARLIM/C3 (W333) moorings.
[65] The integral conversion rates (G) at the three moor-
ings (0.020–0.029 W m22) is comparable in magnitude to
those estimates for the Gulf Stream, Kuroshio, and Antarc-
tic Circumpolar Current (0.01–0.05 W m22) [Smith, 2007].
Indeed, the southeast Brazil seems to present high number
of eddies [Chelton et al., 2007, Figure 3a]. Finally, G is
greater at the C3 and W333 moorings (0.029 and 0.027
W m22, respectively) than at the MARLIM mooring (0.020
W m22), suggesting that the most unstable modes are
slightly more efﬁcient in extracting energy from the mean
ﬂow at those locations.
5.4. Comparison Against Observations
[66] An important question is how the results from the
linear stability analysis relate to the observed downstream
changes of the BC mesoscale ﬂuctuations. No observatio-
nal information on meander growth and propagation in the
BC exists to date as is available for the Gulf Stream [Johns,
1988]. Hence, such comparison in the BC System is quali-
tatively and limited to the vertical structure. We compare
the vertical structure of the theoretical predictions against
that of the observations. For the former, we have
VaðzÞ  Refj/ðzÞjeihðzÞg, where Va is the vertical structure
of the velocity ﬁeld due to the most unstable mode. The lat-
ter is taken as the spatial structure of the ﬁrst EOF of the
velocity anomalies synthesized using the dynamical modes.
The ﬁrst EOF accounts for 82–92% of the total variance at
all locations.
[67] The vertical structure of the fastest growing modes
at the MARLIM and C3 moorings decay exponentially
from the surface, consistent with the ﬁrst EOF (Figure 18).
At the W333 mooring, the ﬁrst EOF presents a gentler ver-
tical decay, roughly consistent with the most unstable
mode at this location (Figure 18).
[68] We also evaluate how the most unstable modes pro-
ject onto the dynamical modes. Accordingly, the fastest
growing mode is slightly more barotropic at the W333
mooring (67%) than at the MARLIM and C3 moorings
(58% and 52%, respectively), only qualitatively consistent
with the statistics for the IEKE (Table 7). Hence, in gen-
eral, the linear stability model is deemed successful in pre-
dicting qualitative downstream changes in the BC
mesoscale ﬂuctuations.
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Figure 17. (a) Amplitude (juj), (b) phase (h), and (c) baroclinic conversion for the most unstable mode
at the MARLIM, C3, and W333 moorings. Note that the curves in Figure 17c represent the energy con-
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most unstable modes from the linear stability analysis (con-
tinuous lines) against the ﬁrst EOF from the synthesized
velocity anomalies. Circles (stars) represent the ﬁrst EOF
of the cross-front (along-front) velocity anomalies.
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6. Summary and Discussion
[69] The goal of the present work is to investigate the
downstream changes in the BC as it ﬂows off southeast
Brazil (22S–28S). We analyze four current meter moor-
ing records spanning this region, namely the MARLIM
(22.7S), DFBS (24.15S), C3 (25.5S), and W333
(27.9S). The mooring data depict the downstream growth
in vertical extension of BC. The 350 m deep ﬂow at the
MARLIM mooring becomes an 850 m deep ﬂow at the
W333 mooring; an intermediate scenario is observed at the
C3 mooring, namely a 550 m deep BC. At the DFBS moor-
ing, the mean BC extends down to 400 m, although the
mean estimate at this location has low statistical signiﬁ-
cance owing to the high variability. At the MARLIM moor-
ing, the BC is also highly variable, presenting a standard
deviation that exceeds the mean at the uppermost instru-
ment. Conversely, northeastward ﬂowing IWBC proved
much less variable at the MARLIM mooring. Farther
downstream, the entire water column over the slope seems
to ﬂow to the southeast. Therefore, the Santos bifurcation
seems to occur somewhere between 25.5S and 27.9S,
consistent with a recent description on the basis of ﬂoat tra-
jectories [Legeais et al., 2013].
[70] Quasi-synoptic observations contemporary with the
mooring records are generally consistent with the scenario
that emerges from the mean moored velocity analysis. Geo-
strophic estimates reveal that the BC transport presents a
major increase from the C3 mooring (5.73 Sv) to the W333
mooring (10.02 Sv). Part of this increment is certainly asso-
ciated with the Santos bifurcation. The presence of a recir-
culation feeding the BC at about 27–28S is not ruled out
[Peterson and Stramma, 1991; Stramma and England,
1999], and may account for a fraction of this transport
growth. Furthermore, variabilities of the BC transport on
many time scales between the two hydrographic section
occupations (7 months) can contribute to these
differences.
[71] The water column average kinetic energy (IKE) and
its barotropic/baroclinic partition estimates reveal that the
changes in the BC System vertical structure are accompa-
nied by strong changes in the vertical partition of the IKE.
Accordingly, the BC is, on average, highly baroclinic
(70%) at the MARLIM mooring, in agreement with pre-
vious estimates [da Silveira et al., 2004] that point the high
baroclinicity of the BC System close to this latitude; simi-
lar results are obtained at the C3 mooring. A signiﬁcant
change in the partition of the energy is observed to the
south of the C3 mooring. The total ﬂow becomes 54% bar-
otropic at the W333 mooring.
[72] The water column average eddy kinetic energy
(IEKE) and its ratio to the IKE conﬁrms the importance of
the BC mesoscale activity as it ﬂows off the southeast : the
IEKE accounts for from 33% (W333 mooring) to 60%
(DFBS mooring) of the IKE. This fact is indeed in agree-
ment with quasi-synoptic observations [e.g., Campos et al.,
1995, 2000; da Silveira et al., 2004], drifter statistics [Oli-
veira et al., 2009] and thermal front analysis [Lorenzzetti
et al., 2009]. Moreover, our analysis suggests that the eddy
ﬁeld dominates the mean ﬂow at the DFBS mooring. The
IEKE is, on average, more barotropic than the IKE. The
exception is the W333 mooring, where the IEKE has
approximate the same energy partition as the total ﬂow
(59% barotropic).
[73] Indeed, the analysis of the IKE and IEKE time
series reveals that these eddy events are associated with
bursts of energy in the barotropic mode, thus supporting
the idea that the BC meanders are more barotropic than the
mean ﬂow [da Silveira et al., 2008]. At the MARLIM
mooring, the persistence of the energy in the barotropic
mode for 37 days may be an indication of a quasi-
standing meander growth in the region [da Silveira et al.,
2008; Mano et al., 2009]. Similar long-lived eddy events
are observed at the DFBS mooring. Conversely, at the C3
mooring, these bursts of energy in the barotropic mode last
20 days at maximum (typically much less), likely owing to
meander propagation [Campos et al., 2000; Fernandes
et al., 2009].
[74] We also evaluate the stability of the mean along-
front BC to small-amplitude perturbations at the moorings.
As far as the baroclinic instability is concerned, the BC
downstream vertical extension growth has two major
effects on the linear instability properties. First, the unsta-
ble waves are slightly but noticeably shorter (20%) to the
south. The estimated fastest growing modes were associ-
ated with wavelengths of 230, 190, and 180 km, at the
MARLIM, C3, and W333 moorings, respectively. Second,
the unstable waves at the MARLIM mooring present very
small phase speeds (0.03 m s21), whereas those at the C3
and W333 moorings have signiﬁcant propagation speeds
(20.13 and 20.15 m s21, respectively). These predictions
are qualitatively consistent with SST imagery analysis
[Garﬁeld, 1990] and PE simulations [Campos et al., 2000;
Fernandes et al., 2009]. The theoretical prediction that the
vorticity waves are shorter to the south still needs evidence
from observations.
[75] The fastest growing modes have vertical structures
that resemble the ﬁrst EOF of the observed velocity anoma-
lies. These modes present rates of baroclinic conversion
comparable to those observed in the other strong currents
[Smith, 2007]. This is consistent with the fact that the IEKE
is signiﬁcant at all moorings. The most unstable modes at
the W333 and C3 moorings are more efﬁcient in transfer-
ring energy from the mean ﬂow than the fastest growing
mode at the MARLIM mooring. This apparently contra-
dicts the fact that the IEKE accounts for a larger fraction of
the IKE at the MARLIM mooring (0.5) than at the W333
and C3 moorings (0.44 and 0.3, respectively). However, in
interpreting this result, one should bear in mind that this
prediction only suggests that a given perturbation would
grow more efﬁciently at the expense of the mean ﬂow at
the W333 and C3 moorings. It does not indicate that there
are more perturbations at these locations, which may be
accounted for by, e.g., local differences in topography and
changes in the continental margin orientation [Campos
et al., 1995].
7. Final Remarks
[76] We conclude by answering the questions posed in
section 1: (1a) The BC thickens from a 350 m at 22.7S to
850 m at 27.9S; (1b) Hydrographic observations suggest
that the BC transport is increased by at least 4.3 Sv from
25.5S to 27.9S. (2a and 2b) The total ﬂow is mainly
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baroclinic (70%) at 22.7S and 25.5S, and is mainly bar-
otropic at (54%) at 27.9S; it should be noted that an
equipartition is observed for the total ﬂow at 24.15S,
likely a manifestation of the dominance of the eddy ﬁeld at
this location. (3) In a water column average sense, the eddy
ﬁeld accounts for 30–60% of the total kinetic energy. (4a)
The changes are twofold: (i) The fastest growing modes
are shorter to the south (at 25.5S and 27.9S); (ii) at
25.5S and 27.9S, these unstable waves tend propagate to
the south, as opposed to quasi-standing waves at 22.7S.
(4b) These modes have vertical structures roughly consist-
ent with the observed mesoscale ﬂuctuations.
[77] The most vexing limitation of this paper is that we
were not able to quantitatively assess the linear stability
predictions owing to lack of information on the BC. Future
observational programs should focus on obtaining measure-
ments to estimate of growth rates and propagation speeds
of the BC meanders, e.g., by using inverted echo sounder
arrays [e.g., Watts and Johns, 1982]. One could obtain
empirical dispersion relationships; theories could then be
quantitatively tested against these estimates.
[78] Finally, barotropic conversions seem to be impor-
tant along the entire BC path [Oliveira et al., 2009]. One
important open question concerns the relative importance
of the baroclinic and barotropic instability in giving rise to
the mesoscale variability of the BC. The full instability pro-
cess cannot be accounted for by linear models. Therefore,
this question should be assessed by combining observations
[e.g., da Silveira et al., 2008] and primitive-equation (PE)
numerical models [e.g., Mano et al., 2009]. However, PE
models are expected to be consistent with the available sta-
tistics for the BC [e.g., Oliveira et al., 2009]. We believe
that the present estimates could also provide a test bed for
those models.
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